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ABSTRACT
The effect of ultraviolet radiation on the Hall mobility in zinc
oxide has been studied for thin films of zinc oxide. The increase in
mobility with electron concentration as varied by photoexcitation has
been found to follow the course to be expected with the neutralization of
a charged film surface.. For a given carrier concentration, the mobility
increases with film thickness.
Conductivity measurements have shown that the temperature
dependence of the conductivity in the temperature interval between
77 ° K and 300° K is strongly dependent on the initial conductivity of the
sample.
Optical transmission measurements in the region of the funda-
rrr
,,ental absorption edge have shown no change in transmission for samples
exposed to moderate doses of ultraviolet radiation.
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INTRODUCTION
The success of a spacecraft voyage depends on the abii-ty of
the space vehicle to maintain its interiur temperature within the oper-
ating limits of the instrumentation aboard. Present temperature control
is based on the use of thermal control coatings with known reflectance,
absorptance, and emittance properties. Since a major temperature prob-
lem of long space probes is overheating of the spacecraft, thermal
control coatings with a low solar absorptance to infrared emittance
ratio (as /ElR) are desired. Polycrystalline zinc oxide is an n-type
compound semiconductor that, when suspended in a suitable binder,
normally exhibits a very low ris /E xg ratio. For this reason zinc-oxide-
based thermal control coatings are desirable for long space journeys.
Unfortunately, however, the %/CIR ratio of zinc oxide increases
when the compound is exposed to ultraviolet light and high vacuum. The
magnitude of this increase is sufficient to cause overheating problems
for long space voyages. Since zinc oxide exhibita f a very desirable
as /Exg ratio under normal conditions, it is believed that a study of the
degradation process may yield information that can lead to the stabili-
zation of this desirable thermal control coating. As a part of the con-
tinuing effort to better understand the mechanisms of this degradation,
experimental studies on thin continuous layers of zinc oxide are being
carried out in Brown Engineering's Material Sciences Laboratory.
The majority of the previous work on zinc oxide has been carried
out either on single crystals or on pressed, sintered polycrystalline
samples. Such samples in general have a much lower surface -to -volume
ratio than have thin films. Because it is generally believed that the
mechanisms primarily responsible for the degradation of zinc oxide are
surface phenomena, the selection of thin films of zinc oxide as samples
for the experimentation is a logical choice.
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The results published in this report were obtained during the
period July 1967 to July 1966. The results obtained by this laboratory
prior to July 1967 have been reported in Brown Engineering Company,
Inc., Technical Notes R-229 (Ref. 1) and R-237 (Ref. 2). There studies
demonstrated that the level of ultraviolet-induced degradations and the
level of recovery of thin zinc, oxide films are dependent on the ambient
oxygen pressure, where low ambient pressures enhance ultraviolet-
induced degradation and inhibit recovery.
These early studies demonstrated the existence of both a "fast"
photoresponse and a slow photoresponse of the zinc oxide to ultraviolet
light, These studies also showed that for comparable intensities, radi-
ation with energy greater than or equal to bandgap energy is most
effective in the degradation of the zinc oxide electrical properties.
These early studies indicated that the variation of the mobility
with photnexcitation might be a sensitive means of determining the
state of oxygen absorption. The latest studies were directed toward
developing and extending this technique.
EXPERIMENTAL PROCEDURE AND RESULTS
In this study measurements of the electronic properties of the a
samples have been used to clarify the process of degradation. The
justification for this approach is that the electronic observables are
more sensitive to the presence of charged surface ions than are the op-
tical quantities normally measured. Some optical measurements have
been made and more are planned for the near future as the electronic
measurements give more insight into the degradation mechanisms.
However, the principal results reported in this work were obtained
from Hall measurements and electrical conductivity studies.
SAMPLE PREPARATION
The samples were prepared by evaporating zinc pellets 99. 999
percent pure from a molybdenum wire-wound basket under high vacuum
(10 -1 Corr) conditions onto clean quartz substrates. The substrates,
which had been cut from quartz microscope slides, were subjected to
an extensive cleaning procedure prior to placement in the vacuum
system. This procedure consisted of soaking the substrates in a
detergent solution for an hour, scrubbing the substrates using the
detergent solution and a soft swab, rinsing the substrates in running
tap water for about 15 minutes, soaking the substrates in a sulfuric
acid solution, and then rinsing them in running tap water again for 15
minutes. The substrates were then rinsed in distilled water and
degreased for 30 minutes in an isopropyl alcohol degreaser. The
alcohol treatment removed all traces of grease; upon removal from
the degreaser, the slides were dry and hot, thus inhibiting the conden-
sation of water vapor from the air. The slides were mounted in sub-
strate holders and placed in the vacuum chamber where zinc was
evaporated onto them.
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After the evaporation the zinc films were removed from the
vacuum chamber, placed on a covered ceramic boat, and placed in a
zone furnace with an air atmosphere. The films were heated at 600°C
for 48 hours, This treatment nom , rted the zinc films into zinc oxide
films.
	
The degree of oxidation of the films could be varied by varying
the time in the furnace.	 Forty-eight hours were sufficient to completely
oxidize the zinc film, while oxidations of less than 24 hours resulted
in incomplete oxidation of the zinc film, The degree of oxidation of
the films was determined from electrical conductivity measurements
and from optical transmission measurements around the fundamental
absorption edge. Typical results for a film at various stages of oxi-
dation are shown in Figure 1. The criteria used to determine the
completeness of the oxidation of a film were low electrical conductivity
(less than 10" z ohm - ' cm- 1
 ) and a relatively sharp fundamental absorp-
tion edge,
The electrical connections were effected by soldering the fine
copper wire leads dir(:ctly to the sample using indium as the solder
material. These connections gave good ohmic contacts. The zinc
oxide films were stored in a dessicator when not in use,
Vacuum System
All the measurements were made with the samples in vacuum.
The vacuum system used to pump the various chambers consisted of
a, National Research Corporation Model 206 Orb-Ion pump in conjunction
with two Ultek cryosorption pumps. The chamber pressure could be
varied from atmospheric pressure to 10 -7
 torr and was measured with
either an ion gauge, a thermocouple gauge, or a Stokes McLeod gauge.
HALL MEASUREMENTS
The general experimental arrangement for the Hall measurements
is shown in Figure 2.	 a`e Hall signal was processed using the circuitry
depicted in Figure 3. The sensitivity of this arrangement was limited
4
i►6O
U.
V
w)
tD
F-'N
CD
H
?CO
V
M
W
N
r--
LL
• J^
h,
M
C9
	 9
A
M
t
d^
W
n^
8
U1
w
M
w
oQ
v„n
w
[}'	 u I
.J
.V
w
d'
i '1h
Fd^1
LiJ
Z
n
w
^D	 wtM
	 N	
0
	
O ^
M 30NVIIIWSNVNI
5
Ir
x
1^
d
i
N
.x uJ
n I
I ^
J]: I
I w 4'i
wIw
I i	 I
Is
^j^j
i
, I
.M
1	 ^1
Ll
NF- vi
CY	 rl, ,
uJ	 t w
L^J
	
ti 1
6
FN-
Wu
W
JJ
T
Q'
LL
H^
Z
QJ
I—
w
w
G.Xw
N
W
J-i
Y.ra.	 id t	 f.1_	 acil'.°dfIt
" 
1. "ru
 
J	 1	 ^' .}111. 1{i .^4 
pY ^u*.va,J,:.
r
.___
­
__.____.r.._--i
I	 22.5 V	 I
II	 uA	 111i	 sI
I	 ^
I	 I
t	 ^t	 ,
1	 ^
I	 I
I
I	 i
I
I	 I
I
j	 AMPLIFIER
	
OFFSET VOLTAGE
	
H-P 425 A
	
HONEY14ELL
CORRECTION	 MICROVOLTMETEP	 RECORDER
I I
,
	
ANALOG I f ------.-------^	 _
303	 R;	 Rt,
OP.	 I	 ^.._...
AMP.	 I
	
—12 V__	 j
I	 R,
i
R2
I	 I
NOTES
1. R I -
2. R2 -
3. R3 -
4. R4 -
FEEDBACK, 1,000 r^ METAL FILM RESISTOR
1 9 000 Q METAL FILM RESISTOR
100 st, 10 TURNS
1,000 st, 1 TURN
FIGURE 3. SCHEMATIC OF HALL SIGNAL PROCESSING CIRCUIT
at+r
r ^ ^ rtt^^.^	 ^	 ^ C	 t ^4,^1^`^^!^i^y9^tia19t^!^^."hd^;,^, ^k,.'..s Y1.ra-_.. ..c1 .:,Y.^Et9i11^3•^i" _	 .^^e.s.sr._a..
by sample noise and was approximately 0. 1 millivolts for a sample
resistance of 10 10 ohm.
The Hall voltage was measured for different values of the
samp ►'.e resistance which was varied by irradiating the sample with
visiule and ultraviolet light, Two light sources were used; a 100 watt
Hanovia high pressure mercury arc lamp and a 1000 watt tungsten lamp.
These lamps were normally used with a Corning CS 7-39 filter to provide
ultraviolet irradiation (3000 A to 4000 A) of the sample. Neutra density
filters were used to vary the intensity. Occasionally the CS 7-39 filter
would be removed to allow the samples to be extensively damaged by
light from the Hanovia lamp. The irradiation conditions are given on
the appropriate figures.
Figures 4 and 5 show the Hall mobility as a function of electron
concentration for a film 3400 A thick, and Figure 6 shows the same
parameters for a .film 1400A thick. It may be noticed that for both
films the increase in mobility with irradiation is similar, showing only
one rapid change of slope. Figures 7 and 8 show the Hall mobility as
a function of electron concentration for a film 1050 . thick. Notice
that the behavior of the mobility with irradiation for this film is Some-
what different than for the other two films. The mobility of the 1050
film exhibits a step-like behavior for a carrier concentration of approxi-
mately 4 X 10 18 cm -3 . However, an interesting behavior is exhibited
by this film during recovery, as shown in Figure 9. Upon extinguishing
the lamp, the mobility increases initially and tends to merge into line
with the initial portion of the first rapid-increase segment of the curve.
This effect is highly reproducible.
TEMPERATURE DEPENDENCE OF CONDUCTIVITY
The conductivity measurements were made using the same
arrangement as used for the Hall effect measurements. A chromel-
alumel thermocouple mounted on a quartz slide on the sample holder
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wax used in conjunction with a John Fluke model 825-A differential
voltmeter to determine the temperature of the film. The current
through the film was measured with a General Radio Company Model
1230-A do amplifier and electrometer. For the irradiation, a Hanovia
SH-616A high-pressure mercury arc lamp was used in conjunction
with a Corning CS 7-39 optical filter to isolate the 3660 A line of the
me rcury lamp.
The temperature dependence of the conductivity of thin films of
zinc oxide is very sensitive to the degradation level and prior treatment
of the film and to the ambient oxygen pressure. Figure 10 shows the
conductivity as a function of reciprocal temperature for a zinc oxide
film 1050 ,4 thick for various initial conductivity levels. The initial
conductivity levels for these curves were attained by heating, the film
at 100 0 0 in a vacuum of 5 X 10 `4
 Corr. A11 of these measurements
were made in the same vacuum environment. Notice that each curve
consists of three straight line segments and that the slopes of corre-
sponding segments for different curves decrease with increasing initial
conductivity.	 Notice also that the changes of slope for each curve always
occur near	 1000/t = 4. 3° K' 1 and 2. 9° K"' or near 225°K and 345°K,
respectively.
Thermally stimulated conductivity measurements were also made
but no structure was evident in tht., data. These measurements were
made by cooling the sample to approximately 100° K, irradiating it with
ultraviolet light, and then measuring the conductivity while the sample
warmed.
OPTICAL MEASUREMENTS
The optical measurements as well as some of the electrical
conductivity measurements were made in a vacuum reflectance chamber
in which the sample holder could be cooled to cryogenic temperatures.
The pressure in the chamber could be varied from 10" 7 torr to atmos-
pheric pressure using the vacuum system describeel earlier.
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Monochromatic light used in the optical measuremems was
obtained using a tungsten lamp in conjunction with a McPherson Model
Zl8 scanning monochromator with a 1200 lines per millimeter Bausch
and Lomb plane diffraction grating. Resulution was approximately
Z ,din normal use.
The transmission and near normal reflectance of thin films
of zinc oxide were measured as a function of wavelength and temperature.
From these data the absorption coefficient was calculated for various
wavelengths and temperatures. The results are shown in Figure 11.
The fundamental absorption edge is influenced by the creation of
e►xcitons and shifts to longer wavelengths with increasing temperature.
The room temperature transmission of a thin zinc oxide film
is shown in Figure 12 for the wavelength range 3500 -A to 4700 A. The
only significant structure in this range is the fundamental absorption
edge.
In older to study the effects of moderate doses of ultraviolet
irradiation on the absorption edge of zinc oxide, the transmission of
a thin film of zinc oxide for the wavelength range 3600 A to 5500 A
was measured before and after irradiation of the film for 1 hour and
15 minutes with the Hanovia lamp (unfiltered). This dose increased
the electrical conductivity of the film by several orders of magnitude.
The transmission spectra were identical for the wavelength range between
3600 A, and 5000 A. .Apparently, moderate doses of ultraviolet irradiation
have little effect on the optical properties of zinc oxide in the visible and
near ultraviolet spectral regions.
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DISCUSSION
The degradation of zinc oxide by ultraviolet light is believed
to occur primarily through two mechanisms - the desorption of chemi-
sorbed surface oxygen and the photolysis of lattice zinc oxide near the
crystallite surface.
Since zinc oxide is an n-type semiconductor, ultraviolet photol-
ysis of lattice atoms would involve the production of oxygen vacancies
and interstitial zinc. Associated with these defects would be energy
levels within the "forbidden" gap. At .room temperature, these defects
would normally be positively charged and would act as scattering centers
to c^,nduction electrons, thereby reducing the electron mobility.
The principal effect of chemisorbed surface oxygen on the
conductivity of zinc oxide is through the charging of the surface which
occurs during chemisorption. This charged surface gives rise to a
bending of the electronic energy bands near the surface as depicted in
Figure 13 and to a decrease in the mobility of conduction electrons due
to coulomb scattering. As the zinc oxide is irradiated with ultraviolet
light, the concentration of charged surface oxygen is decreased. This
resulta in a reduction in the bending of the energy ba-ids near the surface
and thus in an increase in free electron concentration. At the same time
the mobility of free lattice electrons is increased due to the decrease
of the amount of charge on the surface. If ^s is the electrostatic poten-
tial at the surface due to the excess surface change, then the electron
concentration at the surface, ns, is given by
ns = no exp (-e ^s/kT)
where no is the electron density at the surface in the absence of any
surface charge. The expected variation of the mobility with elevation
of the energy bands at the surface is illustrated in Figure 14 (Ref. 3).
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Notice that the mobility increases nearly linearly with depression of
the energy band until the surface charge is nearly depleted, when the
mobility approaches a constant value.
Now, notice again the variation of mobility with electron
concentration for the zinc oxide films (Figures 4 through 8). The
increase in mobility with electron concentration is slow initially but
at a concentration characteristic of the individual film increases much
more rapidly. This rapid increase is approximately linear with the
logarithm of the carrier concentration. There was no "leveling-off"
for the films at the intensities studied.
The variation of mobility with electron concentration for the
1050 A film (Figure 9 ) was interesting. These results can be explained
as follows. Zinc oxide before irradiation has a certain concentration of
excess zinc which is normally ionized at room temperature. Simul-
taneously, the zinc oxide surface is normally covered with chemisorbed
oxygen molecules. Irradiation with light of bandgap energy produces
electron-hole pairs near the surface. The holes migrate to the surface
because of the negative surface charge and recombine with the electrons
trapped at the chemisorbed oxygen, allowing this oxygen to be desorbed.
Since the ultraviolet light is absorbed near the surface, the photolysis
of the zinc oxide lattice is negligible as long as the surface is covered
with oxygen. However, when most of the surface oxygen has been
desorbed, photolysis can occur. This photolysis rapidly increases
the concentration of oxygen vacancies. In zinc oxide these vacancies
would normally acquire two electrons, but the intense illumination
keeps these centers only partially occupied, resulting in a net positive
charge in the region. As the intensity of illumination is increased, the
electron Fermi level is raised and approaches the energy level associated
with the zinc donors. These vacancies then begin to acquire electrons
and as the positive charges become neutralized, the mobility increases.
24
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rWhen the illumination is stopped, the photoexci f- ,-.d electrons rapidly
return to the partially filled oxygen vacancies, neutralizing the net
charge in those regions and increasing the mobility while the carrier
concentration decreases. Oxygen molecules begin to adsorb on the
surNce, some dissociating and finding their way to occupy vacancy
positions at the surface while others acquire conduction band electrons
and become chemisorbed ions. Both mobility and carrier concentration
decrease during this period. The vacancies should be filled very
rapidly so that the curve for mobility as a function of carrier concen-
tration for the recovery phase should approach the same curve for the
irradiation phase at the knee of the latter.
The variation of the temperature dependence of the conductivity
is probably due to a change in the amount of oxygen chemisorbed on
the zinc oxide surface. As the sample is heated, more oxygen is
desorbed and the initial conductivity increases while the lower edge
of the conduction band at the surface is brought closer to the electron
Fermi level, resulting in a decrease in si:)pe.
The optical measurements indicate tht the desorption of chemi-
sorbed oxygen does no damage to the optical properties in the visible
region of the spectrum. The optical damage in this re gion must occur
only for large doses of ultraviolet radiation, after all the chemisorbed
oxygen is desorbed.
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CONCLUS IONS
The results obtained from these studios have supported the
degradation model which attributes the ultraviolet-induced optical
degradation of zinc oxide to the photolysis of zinc oxide near the surface.
Although the desorption of chemisorbed oxygen has a tremendous iffec`
on the electrical conductivity, it does not seem to manifest itself in
optical damage, However, it does seem that this desorption of surface
oxygen is essential to the optical degradation since the zinc oxide sur-
face must be relatively free of oxygen before photolysis can proceed at a
an appreciable rate. It appears that the primary optical damage is due
to photolysis of the zinc oxide near the surface, although this model
needs to be verified more completely, The effect of chemisorbed oxygen
on the infrared absorption of zinc oxide has not been thoroughly investi-
gated. It would seem that the simultaneous measurement of infrared
transmission and electron mobility as a function of irradiation would
clarify this effect since the carrier concentration dependence of the
mobility is a good indicator of the presence of oxygen on the surface.
Electron spin resonance studies would also aid in establishing this model
for degradation since the photolysis should be accompanied by the pro-
duction of paramagnetic defects.
s
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